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1.  PURPOSE  AND  OUTLINE  OP  THE  INVESTIGATION. 

As  a  method  for  studying  salt  solutions,  the  determination 
of  the  electromotive  force  of  concentration  cells  has  the  advantage, 
when  compared  with  the  freezing-point  measurements,  that  the  temper- 
ature at  which  the  determination  is  carried  out  is  not  fixed,  and 
may  be  kept  constant  at  any  desired  point.    This  advantage  is  shared 
by  vapor-pressure  lowering  and  osmotic-pressure  measurements,  but  the 
experimental  difficulties  have  been  found  to  be  great  in  these  deter- 
minations, particularly7"  *o  when  dilute  solutions  are  investigated. 
It  is,  therefore,  rather  surprising  that  this  method  of  attack  of 
problems  connected  with  salt  solutions  has  not  received  more  atten- 
tion, since  the  thermodynamic  relations  connecting  the  results  of 
the  measurements  of  the  electromotive  force  of  concentration  cells 
with  the  colligative  properties  of  the  solutions  may  readily  be  de- 
rived.   The  presence  of  liquid  junctions  in  most  concentration  cells, 
and  the  uncertainty  as  to  the  method  of  correcting  for  them,  may 
have  contributed  to  the  comparative  neglect  of  this  field.    The  pre- 
sent investigation  was  undertaken  with  the  double  purpose  of  measur- 
ing the  free  energy  of  dilution  of  potassium  chloride  by  the  electro- 
motive force  method,  and  of  investigating  liquid  junctions  connecting 
salt  solutions  of  different  concentrations,  by  comparing  the  electro- 
motive forces  of  cells  in  which  these  junctions  are  present  with  sim- 
ilar measurements  on  cells  constructed  so  as  not  to  involve  this 
somewhat  troublesome  point  of  contact. 

Among  the  few  investigations  yielding  results  suitable  for  in- 
terpretation in  connection  with  the  study  of  strong  binary  electro- 
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lytes  is  the  accurate  and  much-discussed  work  of  Jahn  on  concentra- 
tion cells  of  very  dilute  solutions  of  potassium  and  sodium  chlorides 
and  hydrochloric  acid.  Determinations  of  the  electromotive  force  of 
concentration  cells  of  hydrochloric  acid  have  been  made  by  Tolman 
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and  Ferguson  •  Bell  and  Feild  and  Cumming  have  investigated  cells 
containing  silver  nitrate  solutions.  There  are,  of  course,  many 
other  measurements  of  the  electromotive  force  of  concentration  cells 
in  the  chemical  literature,  but  they  deal  with  a  single  pair  of  sol- 
utions, are  of  doubtful  accuracy,  or  else  the  solutions  involved 
contain  polyvalent  ions.  The  latter  introduce  complexities  which  it 
is  out  of  the  province  of  the  present  paper  to  discuss. 

Two  forms  of  concentration  cells  have  been  investigated.  The 

s 

first,  of  which  the  following  is  typical  : 


Hg 


HgCl,  HCl 
solid  Ci 


Hg  (A) 


HCl,  HgCl 
Ca  solid 

consists  of  two  nonpolarizable  electrodes  in  equilibrium  with  solu- 
tions, of  concentrations  Cx  and  Ca ,  which  are  connected  by  a  liquid 
junction.    Cells  of  this  type  were  emplojred  in  Jahn's  researches, 
and  are  usually  called  "concentration  cells  with  transference." 

The  second  variety,  "concentration  cells  without  transference, 
may  be  represented  by  the  following  example: 

Hg   (    HgCl,  HCl,  Ha  |     Pt  -  Pt    J    Ha ,  HCl,  HgCl  /     Hg  (B) 
Ci  Ca 


1.  Z.  physik.  Chem.  ^  545  (1900). 

2.  J.  Am.  Chem.  Soc . ,  3£,  232  ( 1912  ). 

3.  J.  Am.  Chem.  Soc,  ^f  715  (1913). 

4.  Trans.  Faraday  Soc,  j2,  213  (1907  ). 

5.  In  this  paper  the  conventions  adopted  in  the  bibliography  t>y 
Abegg,  Auerbach  and  Luther,  "Messungen  electromotorischer  Krafte 
galvanischer  Ketten"  will  be  followed.  A  vertical  line  repre- 
sents a  junction;  solid-liquid  or  liquid-liquid.  A  positive  value 
for  the  E.M.F.  means  that  current  tends  to  flow  from  right  to  left 
through  the  cell. 


These  are  composed  of  two  independent  cells,  and  involve  no  liquid 

junction.     This  latter  type  has  been  the  subject  of  a  research  by 
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Tolman  and  Ferguson  . 

The  cells  without  diffusion  are  capable  of  simpler  theoretical 
interpretation,  as  will  be  shown  in  the  next  section.     There  is, 
however,  the  experimental  difficulty  of  finding  a  reversible  elec- 
trode for  both  the  ions  of  the  electrolyte,  and  for  uni-univalent 
electrolytes  this  condition  has,  so  far,  been  met  only  in  the  case  of 
cells  involving  the  halogen  acids. 

The  development  of  the  alkali  metal  amalgam  electrodes  by  Lewis 
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and  Kraus    has  made  it  possible  to  investigate  cells  of  the  follow- 
ing form: 

Ag  |     AgCl,  KC1  |     K(Hg)x  -  K(Hg)x  /     KC1,  AgCl    /   Ag  (C) 
solid  Ci  Ca  solid 

a  series  of  which,  using  various  values  of  the  concentrations  Ci  and 
Ca ,  are  dealt  with  in  this  paper.    Electromotive  force  measurements 
on  the  corresponding  cells  with  transference: 

Ag   |     AgCl,  KC1  |     KC1,  AgCl  /  Ag 
Ci  Ca 

have  also  been  made.    The  results  of  these  measurements  will  be  con- 
sidered in  the  light  of  the  equations  which  will  be  derived  in  the 
next  section. 

2.  THERM  ODYN AM ICS  OF  CONCENTRATION  CELLS. 
The  thermodynamic  differential  equations  connecting  the  osmotic 
work  and  the  electrical  energy  for  the  two  kinds  of  concentration 
cells  may  be  derived  most  readily  by  the  use  of  the  thermodynamic  en- 
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gine  devised  by  Washburn  . 
T.  Loc.  cit". 

2.  Lewis  and  Kraus,  J.  Am.  Chem.  Soc,  3JL,  1459  (1910).  See  also 
Lewis  and  Keys,  Ibid.,  3A,  119  ( 1912);  25.,  340  (1913). 

3.  Ibid.,  _32,  467  1910)- 


Fig.  1  represents  the  engine  used  for  deriving  the  equation  for 
the  concentration  cells  with  transference.     The  chamber  G  contains 
the  salt  solution,  KC1  for  instance,  at  the  concentration  C.  The 
osmotic  pressures  of  the  ions  at  this  concentration  may  be  represent- 
ed by  and  nCii.    D  represents  a  reversible  electrode,  such  as 
silver  covered  with  a  layer  of  silver  chloride.    The  cylinder  A>  is 
fitted  at  one  end  with  a  membrane  a  permeable  only  to  the  potassium 
ion.     The  piston  in  the  cylinder  permits  the  passage  of  water  only. 
The  solution  between  the  piston  and  the  membrane  consists,  therefore, 
of  a  solution  of  potassium  ion  in  osmotic  equilibrium  with  the  solu- 
tion in  chamber  G.    The  membrane  b_  is  permeable  only  to  chloride  ions 
The  other  half  of  the  engine  is  similar  to  that  just  described,  ex- 
cept that  the  vessel  G*  contains  the  salt  at  the  concentration  C  +  dQ 
and  the  ions  have  the  osmotic  pressures  11%*    +    dll^+  and  Hqi'  + 
d^Cl'*    A  movement  of  the  piston  A  -  A*  from  left  to  right  is,  ob- 
viously, against  the  osmotic  pressure  dn^+.    An  electrolytic  connec- 
tion with  the  vessels  G  to  G'  is  afforded  by  the  liquid  junction  as 
shown • 

If  the  key  K  is  closed  and  one  equivalent  F  of  electricity  is 
allowed  to  pass,  one  equivalent  of  chloride  ion  will  be  formed  at  the 
electrode  D  and  a  like  amount  will  be  removed  from  the  solution  by 
electrolysis  at  electrode  D«.    The  passage  of  the  electricity  across 
the  liquid  junction  will  be  accomplished  by  the  movement  of  71k  equi- 
valents of  potassium  ion  in  the  direction  of  the  current  (from  G»  to 
G)  and  the  migration  of  ( 1  -  >jk)  equivalents  of  chloride  ion  in  the 
reverse  direction  where  yK  is  the  Hittorf  transference  number  of  the 
cation.    Thus  the  total  effect  of  the  operation  of  the  cell  will  be 
the  transfer  of  T)K  equivalents  of  potassium  chloride  from  the  solu- 


tion  of  the  concentration  C  +  dC  to  one  of  the  concentration  C.  To 
compensate  for  this  change  and  to  maintain  a  constant  difference  of 
concentration  the  pistons  A  -  A*  and  B  -  B»  are  moved  reversibly 
toward  the  right,  withdrawing  )}K  mols  of  each  ion  from  chamber  G  and 
forcing  them  into  chamber  CM  •    As  the  electrical  energy  must  be  equal 
to  the  osmotic  work,  the  following  relation  holds: 

FdE=T\K(VK+  dnK+.  +  Vcl,  dncli  )  (1) 
in  which  E  is  the  electromotive  force  and  Vk+  and  Vcli  are  the  vol- 
umes of  solution  containing  one  gram  equivalent  of  ion* 

Pig.  2  is  a  thermodynamic  engine  for  the  cells  without  transfer- 
ence.    It  is  similar  to  that  shown  in  Fig.  1  except  that  the  liquid 
junction  has  been  replaced  by  the  electrodes  N  -  N',  which,  in  the 
case  under  discussion,  are  potassium  amalgam  electrodes.     The  concen- 
trations of  the  salt  are  C  and  C  +  dC  in  the  chambers  G  and  G 1  as 
before.     On  closing  keys  Ki  and  K3  and  allowing  F  coulombs  to  pass, 
one  gram  equivalent  each  of  potassium  ion  and  of  chloride  ion  will  be 
formed  in  chamber  G  and  a  like  amount  will  be  removed  by  the  elec- 
trodes from  chamber  G*.    To  maintain  equilibrium  the  pistons  A  -  A1 
and  B  -  B*  must  be  moved  reversibly  toward  the  right,  each  through  a 
volume  containing  one  gram  equivalent  of  ion.    Equating  the  osmotic 
work  and  electrical  energy  we  have: 

FdE    =    VK+  dITK+    +    Vclidncli  (2) 
an  expression  which  differs  from  (1)  only  in  the  fact  that  it  does 
not  contain  the  transference  number  7) Equations  1  and  2  are  as  far 
as  we  can  go  using  purely  thermodynamic  reasoning. 

If  we  assume  that  the  ions  are  normal  solutes  and  the  solutions 
are  dilute,  i.  e.,  that  11  =  RT/v  =  CRT( C  =  concentration)  hold  for 
each  ion,  Equation  2  becomes  FdE  =  2RTdlnC,  which  on  integration 
gives : 


E  -  2RT/F  In  C'i/Ci  (3) 
for  the  electromotive  force  of  concentration  cell  without  transfer- 
ence, in  which  Ci  and  C±*  are  the  concentrations  of  either  ion  in  the 
two  solutions. 

With  the  further  assumption  that  yK  is  independent  of  the  con- 
centration, the  integration  of  Equation  1  gives  the  familiar  Nernst 
equation: 

E  =  2>kRT/F  In  C'j/Ci  (4) 

3.  THE  CONCENTRATION  CELLS  WITHOUT  TRANSFERENCE. 
As  already  mentioned,  the  concentration  cells  without  transfer- 
ence that  have  been  investigated  may  be  represented  by: 

Ag  |     AgCl,  KC1    |    K(Hg)x  -  K(Hg)x  /     KC1,  AgCl   /  Ag 
solid    Ci  C2  solid 

These  cells  involve  (a)  reversible  silver-silver  chloride  electrodes 
and  (b)  reversible  potassium  amalgam  electrodes. 

(a)  Silver  halide  electrodes  have  been  thoroughly  investigated 
l  a 

by  Jahn    and  by  Halla  .     In  most  particulars  the  directions  for  their 
construction  given  by  the  latter  have  been  followed.    A  disadvantage 
of  the  forms  used  by  both  these  investigators  was  the  limited  extent 
of  surface  exposed  to  the  solution,  since  they  were  made  from  a  sin- 
gle piece  of  silver  or  platinum  wire.    As  the  tendency  to  polarize 
when  small  currents  are  applied  and  the  electrical  resistance  of  the 
solid  liquid  boundary  both  decrease  with  an  increase  of  surface,  the 
electrodes  represented  by  R  -  E  and  R»  -  E*  in  Fig.  3  were  used.  They 
consist  of  a  piece  of  platinum  gauze  of  about  three  square  centimeters 
area,  welded  to  a  platinum  wire  which  made  contact  with  mercury 

1.  Z.  physik.  Chem.,         545  (1900). 

2.  Z.  Electrochem.,  11*  179  (1911). 


through  a  seal  in  a  glass  tube.    The  gause  was  plated  with  a  thick 
coating  of  silver  from  a  KAg(CN)a  solution,  using  a  current  density 
of  about  0.5  ampere  per  square  decimeter  of  surface.    The  electrodes 
were  then  thoroughly  washed  and  allowed  to  stand  twenty-four  hours  in 
pure  water.     They  were  next  made  anodes  in  a  dilute  potassium  chlor- 
ide solution,  to  which  a  few  drops  of  hydrochloric  acid  had  been  add- 
ed.   After  electrolyzing  five  or  ten  minutes  with  a  current  of  5  to  7 
milliamperes  per  electrode,  the  electrodes  were  covered  with  a  coat- 
ing of  silver  chloride,  of  a  reddish  brown  color,  the  shade  of  which 
was  the  same  whether  the  electrolysis  was  carried  out  in  the  light  or 
in  complete  darkness. 

Forty  electrodes  were  made  in  this  manner  in  sets  of  eight. 

Electrodes  chosen  at  random  from  different  sets  were  checked  against 
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each  other  frequently,  with  the  result  that  "normal"  electrodes  were 
always  found  to  be  within  a  few  tenths  of  a  millivolt  of  each  other. 


1.  Two  kinds  of  abnormal  electrodes  were  enoucntered  (a)  those  which 
became  abnormal  because  of  the  attack  of  a  parasitic  mold,  and  (b) 
those  in  which  a  white  allotropic  silver  chloride  appeared  to  be 
formed  in  place  of  the  "normal"  plum  colored  AgCl« 

(a)  Some  of  the  electrodes  were  attacked  by  an  organism  after 
some  weeks,  although  the  solutions  in  which  they  were  placed  were 
made  up  from  conductivity  water  and  pure  KC1.    The  electrodes  so 
attacked  invariably  became  electrically  different  from  the  "normal' 
ones,  developing  in  some  cases  a  potential  difference  as  high  as 
10  mv.     This  potential  difference  was  always  in  the  same  direction, 
negative  to  the  "normal"  electrode.     The  mold  was  investigated  by 
Dr.  P.  L.  Stevens  of  the  Botanical  Department  of  the  University  of 
Illinois  and,  although  conditions  were  very  unfavorable  for  its 
development  and  culture,  was  identified  as  a  parasitic  mold  ( As- 

pergilna ) • 

(b)  The  second  class  of  "abnormal"  electrodes  appeared  to  have 
an  allotropic  form  of  AgCl  on  their  surface.    This  form  of  AgCl, 
white  in  color  and  unaffected  by  diffused  daylight  even  after 
weeks  of  exposure,  sometimes  appeared  in  spots  on  a  "normal"  elec- 
trode and  sometimes  covered  the  entire  surface.     These  electrodes 
were  alwaj^s  electronegative  to  the  "normal"  electrodes  by  varying 
amounts.     The  electrodes  were  all  prepared  under  like  conditions 
and  the  reason  for  the  development  of  this  modification  of  AgCl 

on  some  electrodes  and  on  certain  spots  on  a  "normal"  electrode  is 
not  clear. 


•f, 

■  *     •.  v. 


When  polarized  by  the  application  of  one  millivolt  they  returned  to 

their  original  potential  in  a  few  minutes.    New  electrodes  from  one 

set  generally  showed  potential  differences  of  only  a  few  hundredths 

of  a  millivolt •    There  was  a  slight  ageing  effect  noticed,  the  older 

electrodes  being  electropositive  to  the  newer  ones.    As  this  effect 

was  always  in  the  same  direction  and  of  the  same  magnitude  within 

0.05  mv»  no  error  arose  from  this  source,  since  similar  electrodes 

were  always  opposed  to  each  other. 

(b)  The  alkali  metal  amalgam  electrode  employed 

is  represented  by  X  in  Fig.  3.     It  differs  from  that 

used  by  Lewis  and  his  associates  only  in  having  two 

capillary  outlets  J  and  J1  for  the  amalgam,  in  order 

that  it  could  be  used  in  the  two  half  cells  at  one 

time.     To  fill  the  electrode  cell  with  the  amalgam, 

the  amalgam  reservoir  shown  in  Fig.  4  was  inverted 

and  connected  by  a  T-tube  to  0  in  Fig.  3.     The  other 

branch  of  the  T-tube  was  then  connected  to  the  Gaede 

pump.    After,  exhausting  and  thoroughly  drying  the  cell,  the  stopcock 

to  the  amalgam  reservoir  was  opened  and  the  amalgam  was  run  from  the 

reservoir.    Dry,  pure  nitrogen  was  then  introduced  through  the  tube 

marked  Na  .    The  surface  of  the  amalgam  either  remained  bright  after 

the  introduction  of  the  nitrogen  or  else  an  exceedingly  thin  film 

slowly  formed  over  the  surface. 

The  potassium  amalgam  was  prepared  by  a  method  which  is  a  sim- 
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plification  of  that  used  by  Lewis  and  Kraus  •  A  diagram  of  the  ves- 
sel used  for  this  purpose  is  shown  in  Fig.  4.  It  consists  of  a  dis- 
tilling flask  with  a  stopcock  fitted  to  its  neck  and  a  capillary  tube, 


1.  J.  Am.  Chem  ,  Soc,  32,  1459  (1910). 


p,  of  about  0.4  mm.  bore,  sealed  at  one  end  to  the  delivery  tube  of 
the  flask  and  at  the  other  end  to  the  tube  M  with  an  internal  diame- 
ter of  6  mm.    Pure  mercury  was  first  poured  into  the  carefully  dried 
apparatus.    Pellets  of  potassium  were  placed  in  the  tube  M,  which  was 
then  fused  together  at  upper  end.    These  pellets  can  be  conveniently 
made  by  forcing  a  cork  borer  into  a  piece  of  the  metal  and  then  push- 
ing the  resulting  small  cylinder  of  the  metal  directly  into  the  tube 
M  by  means  of  a  closely  fitting  glass  tube.    The  surface  of  the  metal 
thus  obtained  was  covered  with  a  very  thin  film  of  oxide.     The  whole 
apparatus  was  next  evacuated  through  the  tube  R  by  means  of  a  Gaede 
pump.    The  pumping  was  continued  for  half  an  hour  or  more,  during 
which  time  the  apparatus  was  gently  warmed  to  aid  in  removing  the 
last  traces  of  air  and  moisture  from  the  mercury,  after  which  the 
side  tube  from  M  to  D  was  slowly  and  uniformly  heated  with  a  small, 
free  flame.     The  potassium  soon  melted  and  passed  through  the  capil- 
lary, collecting  as  a  brilliant  spot  of  metal  in  the  bend  of  the  tube 
at  D.    The  capillary  was  then  sea-led  off  at  P  and  the  whole  apparatus 
inverted,  thus  bringing  the  potassium  and  mercury  into  contact.  The 
amalgamation  took  place  quietly,  little  heat  being  evolved.    When  sol 
ution  was  completed,  the  apparatus  was  shaken  for  some  time  in  order 
to  be  sure  that  the  resulting  amalgam  was  uniform.     In  appearance  the 
surface  to  the  amalgam  was  as  bright  as  the  mercury  from  which  it  was 
prepared.    Amalgams  of  various  concentrations  were  prepared  from  the 
stock  amalgam  by  diluting,  in  vacuo,  with  pure  mercury. 

4.  DESIGN  AND  OPERATION  OF  THE  CELL. 
The  apparatus  for  the  concentration  cell  without  transference  is 
shown  in  Fig.  3.    The  design  finally  adopted  is  the  result  of  consid- 
erable preliminary  experimenting,  as  it  was  found  that  there  were  a 
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number  of  obstacles  in  the  way  of  realization  of  complete  reversibil- 
ity at  the  amalgam  electrode.     One  of  the  greatest  difficulties  was 
the  side  reaction: 

2K    +    2HaO    m    2K0H    +  Ha. 
It  this  takes  place  a  rapid  drop  of  the  potential  between  the  elec- 
trode and  solution  must  follow,  since  the  concentration  of  the  amal- 
gam is  thereby  lowered  and  the  ion  concentration  in  the  immediate 
vicinity  of  the  electrode  is  increased.     This  difficulty  was,  it  is 
believed,  entirely  overcome  by  having  a  constantly  moving  amalgam. 
The  arrangement  of  the  cell  also  permits  the  immediate  removal  of  the 
drops  of  amalgam  as  they  get  detached,  since  they  fall  directly  into 
bulb  D  and  thence  into  the  residue  flask.     Streams  of  fresh  solution, 
run  in  through  the  tubes  G  and  G1,  were  made  to  pass  by  the  amalgam 
electrodes.    This  made  sure  that  measurements  were  carried  out  with 
solutions  uncontaminated  by  the  passage  of  the  amalgam.    The  air 
spaces  in  the  bulbs  D  and  D*  permitted  the  worker  to  observe  the  rap- 
idity of  the  flow  of  the  solution  and  prevented  short  circuiting 
through  the  rejected  material  or  through  the  thermostat  water.  It 
was  found  that  readings  of  the  voltage  of  this  cell  became  constant 
within  about  0.05  millivolt  when  the  flow  of  amalgam  was  about  thirty 
drops  per  minute.    After  this  an  increase  in  the  rate  of  flow  had  no 
influence  on  the  results.     The  rate  of  flow  of  the  solution  was  also 
found  to  have  no  influence,  above  a  certain  minimum.     It  is  apparent 
that  the  effect  of  the  side  reaction  given  above  was  eliminated  by 
this  arrangement  and  also  that  the  amalgam  had  time  to  come  to  elec- 
trical equilibrium  in  the  short  time  that  it  was  in  contact  with  the 
solution.    The  formation  of  hydrogen  was  never  observed  in  the  cell, 
even  when  very  few  drops  of  amalgam  per  minute  were  passing. 


The  separation  of  each  half  cell  in  to  two  portions,  C,  K  and 
C,  K',  made  it  possible  to  leave  the  Ag,  AgCl  electrodes  in  contact 
with  solution  with  which  they  were  in  equilibrium  and  which  was  also 
not  distrurbed  by  the  solution  flowing  past  the  amalgam  electrodes. 
The  bent  connecting  tube  aided  in  preventing  mixing. 

Early  in  the  investigation  it  was  recognized  that  oxygen  dissorv  ■ 
ed  in  the  solutions  can  influence  the  results  on  account  of  the  side 
reaction: 


and  for  this  reason  the  solutions  were  prepared  so  that  they  came  in 
contact  with  the  air  for  only  a  ve^  short  time.     The  effect  of  this 
side  reaction  is  the  same  as  the  previous  one,  i.  e.,  to  lower  the 
electromotive  force,  since  the  addition  of  potassium  ions  to  both 
solutions  will  lower  the  ratio  of  the  ion  concentrations. 

The  solutions  were  made  at  first  by  collecting  the  water  very 
hot  in  "Resistenz-glasM  bottles  from  the  still  used  for  preparing 
conductivity  water,  pumping  out  the  air  remaining  above  the  water  and 
replacing  it  by  pure  nitrogen.    The  correct  amount  of  salt  necessary 
to  make  a  solution  of  the  required  strength  (in  mols  per  liter)  with 
all  weights  calculated  to  vacuum  standard,  was  then  added  in  a  small 
glass  capsule  and  allowed  to  dissolve.    A  small  amount  of  air  was 
carried  into  the  solution  in  this  last  operation.    Table  I  gives 
measurements  of  the  E.  M.  P.  of  the  cell: 


the  solutions  in  which  were  made  as  has  just  been  described,  using 
amalgams  of  widely  varying  concentration  in  the  amalgam  electrode. 


Ka     +    0    +    HaO  = 


2K0H, 


KCl,  AgCl  I  Ag 
0.005  N 


TABLE  I. 

Cone,  of  amalgam  0.02  o/o  approx.  0.002  o/o  approx.  0.0002 o/o  approx. 
E.  M.  F.  +0.10603+0.00001    +0.10600+0.00001  +0.1060+0.0005 

These  figures  indicate  that  the  electromotive  force  is  independ- 
ent of  the  concentration  of  the  amalgam  within  wide  limits.     The  amal- 
gam in  the  last  determination  was  too  dilute  to  allow  the  most  accur- 
ate measurements  to  be  made.    When,  however,  the  results  of  several 
series  of  determinations  similar  to  the  above,  and  involving  solu- 
tions of  different  concentrations,  were  plotted,  irregularities  ap- 
peared which  could  only  be  explained  by  assuming  that  the  small 
amount  of  dissolved  oxygen  remaining  in  the  solution  reacted  instan- 
taneously with  the  amalgam,  lowering  the  potential  at  both  amalgam- 
solution  boundaries.    As  can  be  seen  from  Table  I  this  effect  is, 
however,  surprisingly  constant.    Accordingly,  the  final  measurements 
were  made  using  solutions  from  which  ever}^  trace  of  oxygen  was  ex- 
cluded.. 

The  apparatus  used  for  preparing  the  air-free  solutions  is  showt: 
in  Fig.  5*     The  stopper  of  the  wResistenz-glasM  bottle  A  is  fitted 
with  two  tubes.    Tube  B,  which  reaches  to  the  bottom  of  the  flask,  i£ 
used  for  the  delivery  of  the  solution  to  tube  G  of  Pig.  3.    Tube  C  - 
C  is  in  two  parts,  which  may  be  shut  off  from  each  other  by  a  piece 
of  carefully  cleaned  rubber  tubing  and  a  pinchcock,  represented  by  F. 
Both  parts  are  fitted  with  stopcocks,  as  shown.     In  making  the  solu- 
tion, the  water  was  collected  by  placing  the  outlet  from  the  still 
well  within  the  mouth  of  the  bottle  and  regulating  the  flow  through 
the  condenser  of  the  still  so  that  the  water  was  collected  as  hot  as 
possible  and  the  air  originally  in  the  bottle  was  displaced  by  the 
large  volume  of  steam  which  was  evolved.    When  the  bottle  was  nearly 


full,  the  stopper  was  inserted,  the  tube  B  filled  with  water,  and  the 
water  boiled  for  fifteen  or  twenty  minutes  by  evacuating  through  the 
outlet  from  tube  C.    After  this  pure  nitrogen  was  run  in  through  this 
tube  and  the  water  allowed  to  cool  with  a  pressure  of  this  gas  upon 
it.    The  required  amount  of  salt  was  then  weighed  out  into  the  cap- 
sule E  and  placed  above  the  pinchcock  in  the  tube  C,  which  was  then 
closed  at  its  upper  end.    After  the  air  had  been  removed  from  this 
space  03'  evacuating  and  filling  with  nitrogen  several  -times,  the  cap- 
sule was  made  to  drop  into  the  water  by  opening  the  pinchcock  F.  The 
water  in  tube  B  was  then  displaced  by  nitrogen  and  the  bottle  was 
shaken  until  the  solution  was  uniform. 

Table  II  gives  a  summary  of  the  results  obtained  from  cells  in 
which  the  solutions  used  were  prepared  in  the  manner  just  described. 


TABLE  II. -The  Electromotive  Force  of  Potassium  Chloride  Concentration 


Cells 

Without  Transference  at 

0 

25  • 

Ag 

AgCl,  KC1  soln. 

KxHg  -  KxHg 

KC1  soln.AgCl 

Ag,  E.M.F. 

it 

Solid  0.5  N 

0.02  0/0 

0.05  N 

solid 

"-0. 10735 

u 

M          0.5  « 

0.002  0/0 

0.05  " 

11 

" -O.IO745 

ii 

"       0.1  » 

0.004  0/0 

0.01  » 

11 

■ -0.10885 

ii 

"      0.1  " 

0.002  0/0 

0.01  « 

11 

"-0. 10900 

ii 

'»  0.05" 

0.004  0/0 

0.005" 

11 

"-0. 11085 

ii 

■  0.05" 

0.002  0/0 

0.005" 

11 

"-0.11085 

The  amalgam  concentrations  are  approximate 

. 

The  electromotive 

force  measurements  were 

sarried 

out  with  a 

Leeds 

and  llorthrup  potentiometer  which 

had  been 

calibrated  by  the 

Bureau  of  Standards.  The  Weston  Standard  cell  used  was  compared  sev- 
eral times  during  the  investigation  with  a  similar  cell  which  had  re- 


cently  been  calibrated  by  the  same  Bureau.    The  measurements  were 

o 

carried  out  in  a  thermostat  kept  constant  within  0.01  .    The  ther- 
mometer used  was  also  calibrated  by  the  Bureau  of  Standards. 

5%  THE  CONCENTRATION  CELLS  WITH  TRANSFERENCE. 
1 

Cumming  and  Gilchrist    have  described  the  best  conditions  for 
the  formation  of  liquid  junctions  giving  reproducible  results.  These 
are  (a)  the  use  of  wide  tubes  in  making  the  connections,  (b)  the  for- 
mation of  a  new  boundary  shortly  before  the  measurements  are  taken, 
(c)  the  mechanical  mixing  of  the  solutions  at  the  boundary.     The  ceH 
used  for  the  purpose  in  this  investigation  is  shown  in  Pig.  6.  The 
vessels  M  and  M»  contain  the  identical  silver-silver  chloride  elec- 
trodes used  with  solutions  of  the  corresponding  concentrations  in 
the  cells  without  transference.     The  tubes  L  and  L1,  of  about  5  mm. 
internal  diameter,  are  brought  together  in  the  small  vessel  K  which 
contains  a  solution  formed  X>y  mixing  together  equal  parts  of  the  sol- 
utions contained  in  M  and  M* •    The  tubes  can  be  readily  filled  by 
pressing  the  rubber  stoppers  deeper  into  the  vessels  M  and  M*  or  by 
placing  a  slight  air  pressure  on  the  surface  of  the  solutions  by 
means  of  tubes  (not  shown)  which  pass  through  the  stoppers.  The 
"time  change"  which  is  apparently  slways  present  where  a  liquid  junc- 
tion is  involved,  was  less  than  one  millivolt  per  hour,  and  as  new 
boundaries  which  gave  the  original  reading  could  readily  be  obtain- 
ed,  it  is  believed  that  maximum  values  of  the  electromotive  force 
were  measured  in  each  case. 

The  results  of  these  measurements  are  given  under  Table  III. 

1.  Trans.  Farad.  Soc,  9,  174  (1913). 
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TABLE  III. -Electromotive  Force  of  Potassium  Chloride  Concentration 

o 

Cells  with  Transference  at  25  • 


Ag 

AgCl, 

KC1 

KC1 

AgCl 

Ag 

E.  M.  F. 

ii 

Solid 

0.5  N 

0.05 

N 

Solid 

ii 

-0.05557 

if 

II 

O.p 

0  .  Up 

u 

ii 

ii 

-u • uppp / 

it 

ii 

0.1  " 

0.01 

11 

ii 

ii 

-0.05400 

ii 

ii 

0.05" 

0.005 

II 

ii 

ii 

-0.0^470 

it 

ii 

o.05M 

0.005 

II 

ii 

ii 

-0.05475 

ii 

ii 

0.01" 

0.001 

II 

ii 

ii 

-O.O56O 

6.  PURIFICATION  OF  MATERIALS. 

Mercury. -The  mercury  used  in  this  investigation  was  purified  by 
passing  it  in  a  thin  stream  through  a  tube,  a  meter  long,  filled 
with  dilute  nitric  acid,  and  then  distilling  with  diminished  pres- 
sure in  a  current  of  air. 

Potassium  Chloride. -A  well  known  manufacturer's  best  grade  of 
potassium  chloride  was  recrystallized  one  or  more  times  from  conduc- 
tivity water,  and  the  mother  liquor  drained  off  with  the  help  of  a 
centrifuge.     It  was  always  fused  immediately  before  using. 

Nitrogen. -Since  most  of  the  operations  carried  out  in  this  work 
were  found  to  be  disturbed  by  the  presence  of  oxygen,  even  if  pre- 
sent in  very  small  amounts,  a  rather  large  volume  of  an  inactive  gas 
was  found  to  be  a  necessity.    Nitrogen  was  fouiid  to  fill  all  the  re- 
quirements..   It  was  prepared  from  sodium  nitrite  and  ammonium  chlor- 

1 

ide  as  described  by  Tucker  and  Yang    and  kept  over  water  in  a  gaso- 
meter.   To  remove  the  small  amount  of  oxygen  remaining,  as  well  as 
the  moisture  present,  it  was  passed  through  a  train  consisting  of 
sulfuric  acid,  soda  lime,  copper  heated  to  redness,  and  when  neces- 
1.  Orig.  Comm.  8th  Int.  Congr.  Appl.  Chem.,  21,  121  (1912), 


sary,  through  U-tubes  filled  with  Pa05.    The  copper,  which  had  been 
reduced  by  hydrogen  from  copper  oxide,  was  contained  in  a  quartz 
tube*    The  latter  was  a  convenience  as  it  could  be  heated  and  cooled 
rapidly  without  danger  of  breaking. 

7.  DISCUSSION  OF  RESULTS, 
On  page  5  we  obtained  the  differential  equation 
FdE    =  ^(Vidrii    +  Vadlla) 
connecting  the  osmotic  work  and  the  electromotive  force  of  a  "concen- 
tration cell  with  transference,"  and  the  expression 

FdE    =    VidlTi    +  Vadlla 
for  a  "concentration  cell  without  transf erence. M    From  these  equa- 
tions it  is  apparent  that  whatever  the  relations  between  17  and  V 
may  be  the  ratio: 

S.M.F.  of  cell  with  transference   

E.M.F.  of  cell  without  transference 

for  cells  containing  the  same  pair  of  salt  solutions,  should  be 
equal  to  the  transference  number  of  one  of  the  ions.    By  referring 
to  the  derivation  of  the  equations  it  caii  be  seen  that  in  the  pre- 
sent  case  the  ratio  gives  the  transference  number  of  the  cation.  The 
derivation,  however,  involves  the  assumption  that  thermodynamics  can 
be  applied  to  the  cell  containing  the  liquid  junction.     This,  in  the 
authors'  minds,  needed  proof,  since  this  point  of  contact  of  two  sol- 
utions of  different  concentrations  is  certainly  not  in  the  ordinary 

sense  of  the  word^a  system  in  equilibrium.    Table  IV  gives  values  of 

1 

the  above  ratio,  and  also,  from  Noyes  and  Falk»s    most  useful  compil- 
ation, the  values  of  the  transference  number  obtained  by  the  Hittorf 
and  by  the  moving  boundary  methods. 

1.  J.  Am.  Chem.  Soc,  1454  (1911), 


TABLE  IV. -Comparison  of  the  Transference  Numbers  of  the  Cation  in 
KC1,  at  25°,  Obtained  by  the  E.M.F.,  Hittorf,  and  Moving 
Boundary  Methods. 

Transference  numbers 
Concentrations.        E .  M.  F.  Ratio.        E.  M«  F.    Hittorf  Mov. boundary 
0.5    -  0.05  53.57/107.4  0.498  0,496   

0.1   -  0.01  54.00/108.9  0.496       0.496  0.495 

0.05  -  0.005  54.70/110.85  0.494        o,496  0.495 

From  these  figures  it  is  evident  that  the  thermodynamic  theory 

as  out  lined  is  confirmed  within  the  experimental  error.     This  method 

for  the  determination  of  the  transference  number  was  first  suggested 
1 

by  Helmholtz  • 

The  general  applicability  of  this  method  for  obtaining  transfer- 
ence numbers  may  be  tested  by  comparing  the  value  it  gives  of  the 

transference  number  of  the  hydrogen  ion  in  hydrochloric  acid  v/ith 

a 

that  determined  in  the  usual  way.    Jahn    has  found  the  E.M.F.  of  the 
following  cells  with  transference  at  18°: 

Ag        AgCl,         HC1  HC1  AgCl        Ag  E.M.F. 

■  ■        0.03350  IT        0.003329  N     ■  w     -0.09162+0. 00005 

■  ■        0.01665  N        0.001665  N     "  u  -0.09235+0.00005 

3 

and  Tolman  eu+d  Ferguson's  paper  contains  measurements  of  the  voltage 
of  the  cell  without  transference: 

Hg       HgCl,  HC1  Ha  -  Ha  HC1,     HgCl  Hg       E.  M.  F. 

■  "        0.02  H    1  atm.l  atm.     0.002  H  «  ■  -0.1109+0.001 


1.  Ges.  Abhl.,  JL,  840;  2,  979. 

2.  Loc.  clt.,  page 

3.  Ihid.,  page 


at  the  same  temperature.    Making  a  linear  interpolation  from  the 

electromotive  forces  of  the  first  mentioned  cells  for  a  value  of  the 

voltage  of  the  cell: 

Ag  AgCl,       HC1  HC1,     AgCl  Ag 

"  "        0.02  8        0.002  N  "  « 

we  obtain  -0,09210.    The  ratio  0.09210/0.1109  is  O.83O,  which  agrees 

well  within  the  experimental  error,  with  the  directly  determined 

1 

transference  number  O.833,  as  given  by  Jahn    and  by  Drucker  and 
2 

Krsnjavi  • 

On  applying  the  integrated  equations: 

E    =    2T\RT/P  In  C'i/Ci  (4) 
E    =    2RT/F    In  C'i/Cj  (3) 
for  the  electromotive  force  of  a  concentration  cell  with  and  without 
transference,  respectively,  to  our  data,  and  calculating  ion  concen- 
trations in  the  usual  way  from  conductance  measurements,  we  do  not 
find  the  same  agreement  of  the  theory  with  the  results  of  experiment 
It  is  found  that  in  every  case  the  calculated  values  of  the  electro- 
motive force  are  too  high.    This  is  shown  in  a  slightly  different 
way  in  Table  V,  in  which  the  ratio  of  the  ion  concentrations  V'±/c± 
obtained  from  the  electromotive  force  measurements  by  means  of  Equa- 
tion 3  are  compared  with  the  same  ratios  calculated  from  conductance 
data.     Column  I  of  the  table  pives  the  salt  concentrations  involved. 
Column  II  contains  values  of  the  ratio  C^/c^  computed  from  the  con- 

ductance  measurements  of  Kohlrausch  and  Maltby    at  18°.    The  meas- 

4  0 

urements  by  Melcher    on  KC1  solns.  at  25    show  that  little  error  is 


1.  Z.  physik.  Chem.,  27,  673  (1901). 

2.  Ibid.,  £2,  731  (190S). 

3.  Wiss.  Abhandl,  der  Reichanstalt ,  ±t  154  (1900). 

4.  J.  Am.  Chem.  Soc,  ,12.,  1669  (  1901). 


Tio-f- 

involved  in  assuming  that  the  ratio  doas^change  appreciably  in  the 

temperature  range,  18°  to  25°.    The  ratio  as  calculated  from  electro^ 

motive  force  measurements  is  placed  in  the  last  column.     The  values 

of  R,  To,  and  P  used  in  obtaining  these  last  figures  are  8,316,275.1 

and  96,500,  respectively,  the  last  being  the  value  of  the  Faraday 

1 

recommended  by  Bates  and  Vinal  for  general  use.  It  will  be  observ- 
ed that  the  salt  concentrations  have  the  same  ratio:  1  to  10,  in 

each  pair  of  solutions.     The  figures  in  italics  refer  to  Jahn's  work 
0 

at  18  . 

TABLE  V. -Ratios  of  Ion  Concentrations  of  Potassium  Chloride  Solu- 
tions Corresponding  to  Various  Ten  to  One  Salt 

Concentrations. 

c'i/ci  from  conduc- 
tance measurements. 

8.85 
9.16 
9.30 
9.36 
9.47 
9.62 

Prom  these  figures  and  from  Pig.  7»  where  the  ratios  are  plot- 
ted as  ordinates,  and  the  higher  concentration  of  each  pair  of  solu- 
tions as  abscissae,  it  can  be  seen  that,  although  the  ratios  differ 
widely  when  calculated  by  the  two  methods,  both  sets  of  figures  are 
apparently  approaching  the  same  value:  10,  which  would  be  the  ratio 
of  the  ion  concentrations  of  two  solutions  both  near  infinite  dilu- 
tion, but  whose  total  salt  concentrations  were  in  the  proportion  10 

is__lj»  _In  other  words,  the  ITernst  equation  can  be  used  to  calculate 
1.  J.  Am.  Chem.  Soc.   36.  916  (1914). 


Salt  concentrations 

0.5  -  0.05 
0.1  -  0.01 

0.05        -  0.003 
0.03349  -  0.003347 
0.01669  -  0.001670 
0.01        -  0.001 


C'i/Ci  from  E'  k*  F' 
measurements . 

8.09 

8.33 
8,64 
8.76 
8.86 
9.04 


the  electromotive  force  of  concentration  cells  of  potassium  chloride 
only  when  the  solutions  involved  are  near  infinite  dilution. 
Equations  3  and  4  may  also  be  written 

E    =    2    RT/F  In  a»/a 

and 

E    =    2^  RT/F  In  a' /a 
l 

where  a  and  a»  are  the  "activities"    of  the  ions.     In  this  form  the 
equations  are.  by  definition,  thermodynamic ally  valid,  provided  the 
positive  and  negative  ions  in  any  solution  have  the  same  activity. 
The  figures  in  the  last  column  of  Table  V  are  therefore  activity 
ratios.     It  is  evident  that  the  "activity"  ratios  approaches  the  "con 
centration"  ratios  as  the  solutions  become  more  and  more  dilute. 

In  order  to  obtain  an  idean  of  the  magnitude  of  the  "activities" 
of  the  ions  at  various  concentrations  let  us  assume  provisionally 
that  at  0.001  IT  the  activity  of  the  ions  is  equal  to  their  concentra- 
tion as  calculated  by  multiplying  the  total  salt  concentration  by  the 
conductivitjr  ratio:  J|/Ao«    From  this  value,  and  the  activity  ratios 
given  in  Table  V,  we  can  calculate  the  activities  corresponding  to 
the  salt  concentrations  0.01  N  and  0.1  N.     The  following  table  gives, 
for  the  concentrations  meiitioned,  the  values  of  the  "activity"  cal- 
culated as  has  been  described,  the  usually  accepted  degrees  of  disso- 
ciation, and  the  "thermodynamic ally  effective"  degrees  of  dissocia- 
tion which  are  obtained  by  dividing  the  activity  by  the  corresponding 
total  concentration. 


1.  Lewis,  Proc.  Am.  Acad.,  4±,  259  (190?). 


A 


Degrees  of    "Thermo  dynamic  ally  effective" 

degrees  of  dissoeia- 
Salt  cone.        "Activity"       dissociation  tion 

0.001  N  0.000979  97.9  (97.9) 

0.01    N  0.00885  94.1  88.5 

0.1      N  0.0758  86.1  75.8 

Readers  of  Lewis1  recent  paper  on  "The  Activity  of  Ions  and  the 

1 

Decree  of  Dissociation  of  Strong  Electrolytes , ■    will  recall  that  he 
decides  from  thermodynamic  considerations  on  the  basis  of  solubility 
arid  freezing-point  measurements,  '•hat  74  0/0  is  the  effective  or  "cor 
rected"  degree  of  ionization  of  a  0.1  N  solution  of  potassium  chlor- 
ide.   The  close  agreement  (0.2  0/0)  of  this  value  with  the  one  for 
the  same  concentration  given  in  the  table  is  not,  as  might  appear  at 
first  sight,  an  independent  piece  of  evidence  in  favor  of  this  low 
degree  of  ionization,  but  simply  means  that  measurements  on  all  the 
colligative  properties  must  lead  to  the  same  values  of  the  activity 
of  the  ions  if  thermodynamic  reasoning  is  employed. 

That  the  conductivity  method  does  not  give  the  same  degree  of 
dissociation  as  the  electromotive  force  or  related  methods  has  been 
known  for  some  time,  and  has  been  explained  in  a  number  of  ways.  Jahn 
believed  that  the  E.  M.  5\  method  gives  the  correct  measure  of  ioni- 
zation and  accounted  for  the  higher  results  from  conductance  cLvta  by 
assuming  that  the  ions  "speed  up"  as  the  concentration  increases. 
Another  explanation  which  also  starts  from  the  lower  values  of  the 
degree  of  ionization  as  the  correct  one,  makes  use  of  the  hypothesis 
that  in  addition  to  the  usual  conduction  by  ions  the  undissociated 
molecule  also  takes  part  in  the  conduction  by  a  series  of  rapid  dis- 
sociations and  recombinations,  usually  known  as  the  Grot thus  chain 

fiffect.  _This  would,  obviously,  increase  as  the  salt  concentration 
J.  Am.  Chem.  Soc.,  ^4,  I63I  (1912). 


increases.    Most  of  the  investigators  in  this  field,  however,  regard 
the  conductivity  ratio  A//\o  (or  this  ratio  multiplied  by  some 
function  of  the  viscosity)  as  the  degree  of  dissociation,  and  con- 
sider the  decreasing  activity  of  the  ions  as  the  concentration  in- 
creases as  being  due  to  a  change  of  the  nature  of  the  solution  as  a 
solvent  medium,  due,  in  part  at  least,  to  the  charges  on  the  ions. 
Walden  and  others  have  shown  that  it  is  probable  that  the  dielectric  . 
constant  of  water  increases  when  electrolytes  are  added.    It  seems 
quite  possible  that  neither  degree  of  dissociation  is  the  correct 
one  and  that  all  the  influences  mentioned  may  have  their  effect. 

8.  SUMMARY. 

The  electromotive  forces  of  the  cells  without  transference: 
Ag    |      AgCl,  KC1     [     K(Kg)x-  K(Kg)x|  KC1,  AgCl    |  Ag 
Ci  Ca 
have  been  measured  and  compared  with  measurements  of  the  voltage  of 
the  oells  with  transference. 

Ag    |      AgCl,  KC1      /      KC1,  AgCl     /  Ag 
Ci  Ca 

With  the  same  solutions  in  cells  of  both  Types,  the  ratio  of 
the  potentials  is  shown  to  give  accurate  values  of  the  transference 
number  of  the  cation. 

The  measurements  indicate  that  the  "activities"  of  the  ions  froii 
potassium  chloride  are  much  lower  than  the  concentrations  as  calcu- 
lated from  conductance  measurements.     The  values  of  the  "activity" 
and  of  the  concentration,  however,  apparently  approach  the  same  limit 
for  very  dilute  solutions. 


